Two outbred mouse lines, phenotypically selected for differential subcutaneous (s.c.) acute inflammatory response (AIR), were analysed for urethane-induced lung inflammatory response and susceptibility to lung tumorigenesis. AIR min mice, which show a low response to s.c. acute inflammation, developed a persistent subacute lung inflammatory response and a 40-fold higher lung tumor multiplicity than did AIR max mice, which are selected for high response to s.c. acute inflammation and showed a transient lung inflammatory response. A highly significant linkage disequilibrium pattern was observed in AIR max and AIR min mice at marker alleles located within a 452-kb pulmonary adenoma susceptibility 1 (Pas1) locus region, thus defining the location of gene candidacy for inflammatory response and for the biological effects of Pas1 in this region. AIR min and AIR max mice segregated by descent the Pas1 s and Pas1 r alleles, respectively, providing evidence for the involvement of the Pas1 locus in the inflammatory response. The 452-kb region contains Kras2 and four additional genes, including the lymphoidrestricted membrane protein (Lrmp) gene, whose ProLeu nonconservative variation was linked with inflammatory response and Pas1 allelotype. These results provide a model to explore the mechanism underlying inherited predisposition to lung cancer in the context of a link to inflammation.
Introduction
Lung tumorigenesis in mice is under complex genetic control in which the pulmonary adenoma susceptibility 1 (Pas1) locus plays a major role in predisposition to this tumor (Gariboldi et al., 1993) , whereas several pulmonary adenoma resistance (Par) loci inhibit the phenotypic effects of the Pas1 susceptibility (Pas1 s ) allele (Manenti et al., 1996; Obata et al., 1996; Pataer et al., 1997) . Linkage disequilibrium (LD), haplotype, and phenetic analyses indicate that the Pas1 s allele most likely originated from a single mutation in an ancestral mouse and that it is carried by all laboratory inbred strains characterized by high or intermediate susceptibility to lung tumorigenesis (Manenti et al., 1999) . The biochemical mechanism by which the Pas1 s allele predisposes to high lung-tumor multiplicity and size remains unknown.
Anti-inflammatory drugs inhibit lung tumorigenesis in A/J mice, which carry the Pas1 s allele (Moody et al., 2001) . Inflammation is a risk factor in certain types of human cancer, including lung cancer (Askling et al., 1999; Mayne et al., 1999; Brownson and Alavanja, 2000) , and chronic lung inflammation acts as a tumor promoter in some mouse models of lung tumorigenesis (Bauer et al., 2001) . It is not known whether loci affecting the inflammatory response act as cancer modifier loci, although some evidence suggests that this is the case for at least a subset of still unmapped loci (Biozzi et al., 1998) .
The acute inflammatory response (AIR) is under complex genetic control, since two lines of outbred mice differing dramatically in nonspecific acute inflammatory responses were produced by phenotypic selection of progeny generated by a cross of eight inbred strains of mice. The resulting mouse lines, AIR max and AIR min mice, show a 10 to 15-fold difference in the number of infiltrated leukocytes and a 2.5-fold difference in protein concentration in the inflammatory exudate up to the 26th generation of phenotypic selection for AIR induced by subcutaneous (s.c.)-injected polyacrylamide beads (Biozzi et al., 1998) . In these mouse lines, however, the relations between susceptibility to s.c. acute inflammation and that to subacute or chronic inflammation are poorly defined.
In the present study, we tested whether the Pas1 locus is involved in AIR by analysing the lung tumor response and Pas1 allele status of AIR max and AIR min mice. The AIR min and AIR max lines showed a high and low susceptibility, respectively, to lung tumorigenesis, and segregated the susceptible and the resistance marker alleles at the Pas1 locus, thus implicating this locus in the inflammatory response.
Results
AIR min mice are susceptible to lung inflammatory response and lung tumorigenesis As expected, AIR max mice showed a higher s.c. inflammatory response to Biogel than did AIR min mice, with an B17-fold difference in the number of infiltrated leukocytes (Table 1) . After urethane treatment, a typical subacute inflammatory reaction with granulocytes and lympho-mononuclear cell infiltration was observed in the lung parenchyma in both lines. This reaction persisted up to 21 days in the lungs of AIR min mice but had sharply declined in AIR max lungs at 14 and 21 days after treatment (Figure 1 ).
Lung tumor incidence was 100% in AIR min mice as early as 70 days after treatment. These mice developed multiple lung tumors defined as adenomas by histological analysis. In contrast, lung tumor incidence was significantly (Po0.0001) lower in AIR max mice, with only two out of 15 AIR max mice displaying small lung adenomas by 180 days from treatment (Table 1) . No significant differences were observed in tumor multiplicity (N) with time and hence, results from 70 to 180 days were grouped together; AIR min mice showed a 41-fold higher lung tumor multiplicity as compared to AIR max mice (Po0.0001, Table 1 ). F1 mice showed an intermediate lung tumor multiplicity and differed from AIR min mice in multiple comparisons (Po0.01, Scheffe's test, Table 1 ).
Identification of new genetic markers in the Pas1 region
Genetic markers located between D6Mit113 and SSpn, whose physical distance is 2336 kb (Ensembl mouse genome sequence data: http://www.ensembl.org/Mus_-musculus/), were selected. In all, 17 new genetic markers were identified in this region, including simple sequence length polymorphisms (SSLPs) and single nucleotide polymorphisms (SNPs) ( Table 2) .
NIX analysis of a core Pas1 region revealed the complete Kras2 gene and its upstream region that includes four additional genes: Bcat1, branched chain aminotransferase 1, cytosolic (accession # NM_007532); Lrmp, lymphoid-restricted membrane protein (accession # NM_008511); the mouse homolog of a known human mRNA (accession # AK001783); and the growth hormone-inducible soluble protein (accession # AF412300).
Two SNPs (D6Int4 and D6Int8), one 9-bp repeat insertion in the coding sequence of the Lrmp gene (D6Int7), and one SNP of gene AF412300 (D6Int10) were associated with amino-acid variations. D6Int4 consisted in an Asp-Gly nonconservative change at amino-acid position 31 of protein NP_032537. The polymorphism was seen among the progenitor strains (A/J vs C57BL/6J), but all AIR mice carried the same Gly allele (Table 2 ). The D6Int7 marker consisted of a repeat insertion of SerThrLeu residues at position 452 of the protein NP_032537; it showed a borderline LD value (Àlog P ¼ 3.24, Figure 2 ). D6Int8 consisted in a ProLeu nonconservative change at amino-acid position 537 of the same protein and showed a highly significant LD Figure 2 ), since the Pro variant was carried at homozygosity by all AIR min mice, whereas seven of the 12 AIR max mice showed homozygosity for the Leu allele; the remaining five were heterozygous. The amino-acid variation of the AF412300 gene (D6Int10) consisted in a Gly-Asp nonconservative amino acid at position 28 of protein AAL07806. This polymorphism was detected between the A/J and C57BL/6J progenitor strains, but all AIR mice carried the same Asp allele (Table 2) .
LD in the Pas1 region
Based on the informative meioses starting from the F1 hybrids and ending at generation N24, each AIR mouse underwent 52 meioses. LD analysis in 22 AIR mice was, therefore, expected to provide access to the equivalent of 52 meioses/mouse in 22 mice or 1144 meioses, that is, a resolution power of B0.1 cM.
Typing of 22 polymorphic markers on the distal region of chromosome 6 in AIR mice revealed a highly significant LD (Àlog P>8.0) for markers included in a 452-kb Pas1 core region, including the Kras2 gene and four other genes (Figure 2 ). In this short genomic region, all markers showed a highly significant LD (Àlog P>6.0), except for D6Int7 (Àlog P ¼ 3.24). Outside the core Pas1 region, LD values decreased with distance or were nonsignificant (Figure 2 ).
Pas1 locus is involved in both inflammatory response and lung tumorigenesis
Phenetic analysis of genetic markers mapping in the Pas1 region indicated a tree with two main branches, one including all AIR min mice and progenitor strains SWR/J, A/J, BALB/c, P/J, and CBA/J (carrying the Pas1 s allele) (Manenti et al., 1999) ; and the other including all AIR max mice and parental strains DBA/2J, SJL/J, C57BL/6J (carrying the Pas1 r allele) (Manenti et al., 1999) (Figure 3 ). The phenetic tree was highly branched, since neither AIR max nor AIR min mice carried a single haplotype at the Pas1 region. The AIR min haplotype partially derived by descent of progenitor strains SWR/J, CBA/J, and P/J, whereas AIR max haplotypes were generated by recombinations of the DBA/2J, SJL/J, and C57BL/6J haplotypes (Figure 3 No preferential retention of homozygosity was seen in AIR max mice at any marker, whereas all AIR min mice showed homozygosity at the D6Int3, D6Int8, D6Int9, D6Int11, and Kras2-37 markers. In AIR min mice, retention of homozygosity was interspersed by regions of heterozygosity or of genetic heterogeneity (different alleles in different AIR min mice) (data not shown).
Discussion
Mouse outbred lines phenotypically selected for high (AIR max ) and low (AIR min ) response to s.c. nonspecific acute inflammation showed dramatic differences in their susceptibility to lung tumorigenesis, this is , AIR min mice were B40-fold more susceptible than AIR max mice. Thus, the line phenotypically selected for s.c. low acute inflammatory response (AIR min ) segregated the susceptibility trait for lung tumorigenesis. An inverse relationship between susceptibility to s.c. AIR and lung inflammatory response was found, with AIR min and AIR max lines showing, respectively, a persistent and a transient lung inflammatory response after urethane treatment. Thus, a correlation between persistent subacute lung inflammation and susceptibility to lung tumorigenesis was apparent in AIR lines. These findings are in agreement with the increased lung cancer risk observed in patients with chronic lung inflammatory conditions (Askling et al., 1999; Mayne et al., 1999; Brownson and Alavanja, 2000) , and suggest that a subset of modifier loci affects nonspecific s.c. acute inflammation, subacute lung inflammation, and lung tumorigenesis.
Several quantitative trait loci (QTLs) affecting inflammation-related phenotypes have been mapped. Only one of these QTLs maps in the same region as lung cancer modifier loci: the Aliq1 locus (acute lung injury QTL 1), affecting acute lung injury, maps in the Par1 region on chromosome 11 (Manenti et al., 1996; Prows et al., 1999) . However, both the A/J and C57BL/6J strains of the cross used to map the Aliq1 locus carry a null allele at the Par1 locus (Manenti et al., 1996) , suggesting that the Aliq1 locus is distinct from the Par1 locus. On chromosome 6, the Bhr5 locus, controlling noninflammatory bronchial airway hyper-responsiveness, was mapped in a region proximal (50 cM) to that of the Pas1 locus (74 cM), indicating that these two loci are distinct (De Sanctis et al., 1999; Manenti et al., 1999) . More recently, additional loci affecting lung inflammatory response have been mapped on chromosomes 9, 10, 15, and 18 (Malkinson et al., 2002) .
The Pas1 locus is the major determinant of genetic predisposition to lung cancer in mice (Gariboldi et al., 1993) . We performed LD analysis in AIR lines using genetic markers located within the Pas1 locus to assess the possible involvement of the Pas1 locus in the inflammatory response. Markers located within a 452-kb Pas1 region showed a highly significant LD pattern (Àlog P>8.0). Markers outside this region showed either nonsignificant or borderline LD values, indicating that the location of the gene(s) responsible for the AIR phenotype lies within this 452-kb region.
LD analysis is based on recombination events that have occurred over many generations, making LD a tool for the precise mapping of disease loci (de la Chapelle, 1993; Jorde, 1995) . LD is maintained only along short chromosomal regions and, in strains with a known phenotype, may allow testing of whether the same locus is responsible for that given phenotype. LD represents a new approach for the fine-mapping of polygenic traits in outbred mice (Talbot et al., 1999; Peissel et al., 2000) . During phenotypic selection of AIR lines, LD was generated and maintained for functional polymorphisms affecting the AIR phenotype, whereas LD was lost for nonfunctional polymorphisms. Several other phenomena, including homoplasy and mutations, may also play a role in the maintenance or loss of LD. These phenomena may explain the variability observed in LD values for markers located within the same region (Figure 2) .
The phenetic tree demonstrated that the AIR min and AIR max mice segregated the Pas1 s and Pas1 r alleles, respectively. The AIR lines were selected only for s. and Pas1 r alleles, thus providing functional evidence for the involvement of the Pas1 locus in the inflammatory response.
Overall, these results indicate that a genetic polymorphism(s) of at least one of the five genes located in the 452-kb region is functionally responsible for the Pas1 and AIR phenotypes. Since significant LD extended long over the whole region, we cannot rule out any of the five genes as candidates underlying either the lung tumor or the AIR phenotypes. Similarly, we cannot assess whether the same gene or separate genes control the two phenotypes. Among these five genes, none of the genetic polymorphisms so far identified have been associated with functional biochemical activity or modulation of lung cancer or inflammatory response. The biochemical and biological activities of genes AF412300 and AK001783 are not known. Bcat1 catalyzes the first step of branched-chain amino-acid catabolism and appears to be involved in apoptosis (Eden and Benvenisty, 1999) . Somatic mutations of the Kras2 gene play a causal role in lung tumorigenesis (Johnson et al., 2001) and have also been found in chronic inflammation conditions, such as chronic pancreatitis and ulcerative colitis (Yanagisawa et al., 1993; Lang et al., 1999) . A transgenic mouse expressing the human c-H-ras gene showed enhanced susceptibility to autoimmune hepatitis (Tsunematsu et al., 1997) . Thus, the Kras2 gene may be an obvious candidate for both lung tumor susceptibility and inflammatory response. The role of the Lrmp gene (previously called Jaw1) in lung tumorigenesis is not known; this gene, encoding a lymphoid-restricted membrane protein, is involved in antigen processing (Snyder et al., 1997) . A Pro-Leu nonconservative change in the Lrmp gene showed a highly significant LD with AIR phenotype. The Pro allele was preferentially carried by AIR min and Pas1 s inbred strains, suggesting the candidacy of Lrmp as a modifier gene of AIR and lung tumorigenesis (Pas1). However, additional intronic or exonic polymorphisms of the five genes may be responsible for the AIR and lung cancer modifier effects.
Our data demonstrate that a short region containing five genes is functionally associated with lung tumor susceptibility and inflammatory response. Targeting each of the five genes should enable identification of their precise function in lung tumorigenesis and in acute inflammatory response.
Materials and methods

Mice and DNA
AIR max and AIR min mice from the 24th to 26th generation of selective breeding and (AIR max Â AIR min )F1 mice were bred in the Laboratory of Immunogenetics of Institute Butantan, Sa˜o Paulo, Brazil, and kept under standard conditions. DNA from AIR max , AIR min , and F1 mice were extracted from tails. Genomic DNA samples from the eight parental inbred strains were obtained from The Jackson Laboratory (Bar Harbor, ME, USA).
Inflammatory response and lung tumor induction
Local inflammation was induced by s.c. injection of polyacrylamide beads (Biogel P-100, Bio-Rad, Hercules, CA, USA) in the dorsal region of 4 to 6-week-old male and female mice, and the number of infiltrated leukocytes was determined in the local inflammatory exudate harvested after 24 h, as described by Biozzi et al. (1998) . For lung inflammation analysis, mice were injected i.p. with urethane (1000 mg/kg body weight) and sacrificed after 7, 14, or 21 days. Lungs were fixed with 10% formalin, and paraffin-embedded sections were stained with hematoxylin and eosin. For lung tumor susceptibility analysis, mice (4 to 6-week-old) received two i.p. injections of urethane (1000 mg/kg body weight) at a 48-h interval. Groups of six mice from each line were killed at days 40, 70, 100, and 180 after urethane injection. F1 mice were killed at day 100. Lungs were infused with Carnoy solution for macroscopic tumor count. Lung tumor susceptibility was quantitated based on tumor incidence (number of tumor-bearing mice) and tumor multiplicity (N).
Genetic markers
In total, 24 genetic markers located in the chromosomal region spanning D6Mit113 (70.0 cM, Mouse Genome Database, MGD) to the Sspn (Krag) gene (71.55 cM, MGD) were used for genotyping AIR max , AIR min mice, and the eight parental inbred strains. Among these markers, six SSLPs (D6Mit113, D6Mit114, D6Mit57, D6Mit14, Kras2-37, and Sspn) and one SNP (Y95m5e3) have been described (Manenti et al., 1999) . The remaining 17 markers (D6Int3-D6Int19) were developed in our laboratory in order to increase the number of polymorphic markers in the Pas1 region.
To generate new SSLP markers, we selected some of the repeat regions described in the annotation of features of the BAC clone RP23-188E5 (accession # AC019026) and of flanking genomic sequences (Ensembl). PCR primers were designed on sequences flanking the putative repeat sequence and used to amplify the corresponding DNA fragments in the eight progenitor strains of AIR lines (A/J, BALB/cJ, C57BL/ 6J, CBA/J, DBA/2J, P/J, SJL/J, and SWR/J). PCR products were analysed by polyacrylamide gel electrophoresis (PAGE) and length variations were scored. To generate new SNPs, the nucleotide sequence of the same BAC clone was analysed by the NIX program (Williams et al., 2002) to identify putative exons. PCR primers were designed in the genomic regions surrounding the putative exons, amplified in A/J and C57BL/ 6J parental strains, sequenced using an ABI PRISM automatic DNA sequencer (Applied Biosystem), and compared using the Fragment Assembly System contained in the Genetics Computer Group (GCG) software package (Wisconsin Package Version 10.2, Madison, WI, USA). The identified polymorphisms were analysed either by PAGE (SSLPs) or allele-specific oligonucleotide hybridization (SNPs) as described (Manenti et al., 1999) .
Statistical analysis
Tumor multiplicity (N) was evaluated by the general linear model analysis of variance; multiple comparisons were carried out using Scheffe's test (SAS, 1988) . Tumor incidence and LD for segregation of marker alleles in AIR max and AIR min mice were evaluated by Fisher's exact test (SAS, 1988) . P values were transformed to the negative logarithm of P (Àlog P), and LD was considered significant at -log P>3 (Po0.001).
Phenetic analysis of genetic elements mapping in the short region of chromosome 6 between D6Mit113 and Sspn was used to estimate phylogeny of the Pas1 locus in AIR mice. For any given marker, alleles were numbered by size and the genotype of each individual mouse (12 AIR max , 10 AIR min mice, and the eight founder inbred strains) was defined by two separate values to construct a data set, which was simplified by grouping mice carrying the same haplotype. Phenetic clusters were estimated according to the UPGMA method using the NEIGHBOR program contained in the PHYLIP package (J Felsenstein, PHYLIP (Phylogeny Inference Package) version 3.5c).
